Summary An association between insulin resistance and hypertension has been reported in several studies. In apparent contradiction, insulin infusion in healthy volunteers is associated with vasodilatation. Furthermore, there is evidence that some insulin effects may differ between the sexes. We performed three-step hyperinsulinaemic-euglycaemic clamp studies in six men and six women to test the hypotheses that: 1) insulin might affect the release of vasoactive substances by the endothelium, and 2): this putative effect on vasoactive substances might differ between men and women. Six other women and six men served as control subjects, receiving 154 mmol/l NaCl (saline) infusion. Plasma levels of insulin, immunoreactive endothelin, l -arginine (precursor of nitric oxide), l -citrulline (by-product of nitric oxide synthesis) and cyclic GMP (second messenger of nitric oxide) were measured during infusion of insulin or 154 mmol/l NaCl (saline), respectively. We also assessed urinary excretion of 6-keto PGF-1a (a degradation product of prostacyclin reflecting prostacyclin production). Blood pressure was monitored in all subjects throughout the experiment. In women plasma levels of immunoreactive endothelin decreased from (mean ± SD) 2.58 ± 0.96 to 1.7 ± 0.72 pmol/l during insulin infusion (p < 0.01), while remaining constant in female control subjects (p < 0.02). No changes in levels of endothelin were observed in men during infusion of insulin or saline. In women levels of cGMP rose and levels of l -arginine decreased significantly during insulin infusion, consistent with an increase in nitric oxide production. Excretion of 6-keto PGF-1a also increased significantly in women during insulin infusion. No such effects were observed in men, or in women during infusion of saline. Blood pressure remained constant in all subjects during hyperinsulinaemia. We conclude that sex differences exist in the effects of insulin on the endothelium. Short-term hyperinsulinaemia in women is associated with a decline in levels of immunoreactive endothelin, and possibly with a rise in production of nitric oxide and prostacyclin. In contrast, levels of vasoactive substances remained constant in men during hyperinsulinaemia. Our findings may partly explain insulin's vasodilatory effects in healthy individuals. It remains to be investigated whether these effects are lost in insulin-resistant states. Our observation that there is a sex difference in insulin effects on the endothelium may help explain why the link between hyperinsulinaemia and cardiovascular disease appears to be clearer in men than in women.
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In 1988, Reaven coined the term 'syndrome X', to describe the concurrence of insulin resistance, hyperinsulinaemia, elevated levels of very-low-density lipoprotein (VLDL), decreased levels of high-density lipoprotein (HDL), and hypertension [1] . It was hypothesized that insulin resistance might play a key role in and possibly act as a cause of syndrome X. Several studies have described a link between hyperinsulinaemia and hypertension, even in otherwise healthy persons [2] [3] [4] [5] . However, the mechanism by which hyperinsulinaemia might cause hypertension remains unclear. Indeed, although there appears to be a clear link between hyperinsulinaemia and hypertension in patients with insulin resistance, it has been conclusively demonstrated that insulin infusion in healthy volunteers is associated with vasodilatation [6, 7] ; this effect seems to be, at least partly, mediated by nitric oxide (NO) [8] .
Further, although there is ample evidence that hyperinsulinaemia is a cardiovascular risk factor in men, this association appears to be much less clear in women [9] , thus suggesting that insulin's vascular effects may differ between the sexes. It has been shown that women are basically more insulin-sensitive than men [10] , and that sex hormones can influence insulin sensitivity [11] .
Recently, much attention has been focused on the role of the vascular endothelium in the pathogenesis of hypertension and atherosclerosis. Endothelial cells synthesize many active substances that regulate local blood pressure and maintain the fluidity of blood and the patency of blood vessels (reviewed by Vane et al. [12] ). These include vasodilators such as endothelium-derived relaxing factor (EDRF) or NO, and prostacyclin, both of which also inhibit platelet adhesion and aggregation, thus playing an important role in the prevention of thrombus formation. By contrast, the endothelium also synthesizes vasoconstrictors such as endothelin. The release of these substances affects the local environment; endothelin may also have a systemic function [12] . There is evidence that endothelin may be involved in the pathogenesis of hypertension [12, 13] and atherosclerosis [14] . As is the case with insulin sensitivity, there appear to be sex differences in the secretion of vasoactive substances, and these differences appear to be modulated by sex hormones [15] .
There is evidence that the secretion of these vasoactive substances is altered in patients with diabetes, even when there is no evidence of vascular disease. High levels of endothelin have been found in patients with diabetes [16, 17] , and there have been reports suggesting that prostacyclin generation by vessel walls taken from patients with diabetes is low [18] [19] [20] . Several authors have found that production and receptor binding of endothelin increase when endothelial cells are incubated with high concentrations of insulin [21] [22] [23] [24] , and two studies have reported an increase in endothelin levels during insulin infusion in obese (insulin-resistant) subjects [25, 26] .
Thus, changes in endothelial function may occur early in diabetes, and these changes may be relevant to the pathogenesis of atherosclerosis and hypertension. Results from in vitro and clinical studies suggest that hyperinsulinaemia (as is found in insulin resistance) may be important; its role in modulating the secretion of vasoactive substances by the endothelium, however, has not yet been examined thoroughly. Further, it is unclear whether there are differences between men and women in the effects of insulin on vasoactive substances, and whether such differences could explain previous observations suggesting that the association between insulin resistance and atherosclerotic vascular disease is clearer in men than in women [9] .
These considerations prompted us to investigate the effects of short-term hyperinsulinaemia on plasma levels and urinary excretion of endothelium-derived vasoactive substances in healthy young men and women.
Subjects and methods
Study design. Three-step hyperinsulinaemic euglycaemic clamp studies were performed in six healthy men aged 17-38 (mean: 33.8) years, and six healthy women aged 18-29 (mean: 25.1) years. Insulin was infused sequentially at 450, 1350 and 4500 pmol/kg lean body mass/h during 120 min for each period. The euglycaemic clamp technique has been described by De Fronzo et al. [27] . For logistical reasons we were unable to study the same persons twice. We therefore studied six women aged 18-30 (mean: 25.3) years and six men aged 23-34 (mean: 27.6) years as control subjects. Although this may increase variability due to between-subject differences, any statistically significant differences in outcome observed are likely to be valid. All subjects were within 10 % of their ideal body weight (Metropolitan Life insurance tables 1959). None had a personal or family history of diabetes or hypertension, and none had used any medication in the 6 months prior to the test. Tests were performed in women on days 3-5 of their menstrual cycle. Informed consent was obtained from all subjects, and the study was approved by the hospital ethics committee. After an overnight fast, studies were begun between 08.30 and 09.30 hours. Two intravenous cannulae were inserted in an antecubital vein of each arm. Baseline blood samples were drawn 30 min after insertion of the cannulae; insulin and 154 mmol/l NaCl (saline) infusion commenced immediately thereafter. Glucose (1.11 mol/l) was administered using an IMED variable rate volumetric infusion device (Pharmacia, Knowhill, UK). The volume infused varied with the amount of glucose required to maintain euglycaemia; saline was infused simultaneously, so that the total volume infused during the experiment was approximately 1100 ml. In control subjects, the same procedure was followed; however, only saline was infused. Thus, the same volume of fluid (1100 ml) was infused in all groups. In all subjects, blood pressure was determined every 5 min using an automatic device (Nippon Colin sphygmomanometer, Hyashi, Komaki-city, Japan); the subjects remained at rest in a supine position during the entire test period. Patients were requested to pass urine at 30-min intervals starting 30 min before the start of the infusion. On average, 11.2 samples were obtained from each subject in the 6-h period of the test (maximum: 13, range: 10-13 samples). Baseline values were calculated from the first sample collected during the test, and from a sample which the patients had been asked to collect at home (overnight portion; amount of time taken to produce this portion was noted by the subjects). 6-keto PGF-1a excretion was calculated from the concentration in each portion of urine, the volume of each urine sample, and the elapsed time between production of each sample.
Assays. Venous blood samples were taken at 30-min intervals; samples were immediately placed on ice. Plasma was separated within 1 h and then stored at -20°C until assayed. Plasma insulin was measured in duplicate by radioimmunoassay (RIA) according to instructions by the manufacturer (Sorin Biomedica, Sallugia, Italy). Plasma immunoreactive endothelin was measured by RIA (Nichols Institute, formerly ITS, Wijchen, The Netherlands) after extraction on 'Sep-Pak C 18 ' cartridges (Waters, Milford, Mass., USA) according to the manufacturer's instructions, as described previously [28] . Recovery rate for this assay is 92.4 %. Intraassay and interassay coefficients of variation according to the manufacturer are 2.4 and 4.2 %, respectively (we found these values to be 3.8 and 5.0 %, respectively). Sensitivity of the assay is 1 pg/ml; cross-reactivity with endothelin-2 is 52 %, with endothelin-3, 96 % and with 'big' endothelin 7 %. Prostacyclin synthesis was assessed by measuring the urinary excretion of its stable hydrolysis product 6-keto PGF-1 a, using a procedure described by Zijlstra et al. [29] ; sensitivity of this assay is 0.05 pmol/ml. NO itself cannot be measured directly because of its short half-life. It is synthesised from l -arginine by the enzyme NO synthase, in the so-called l -arginine/NO pathway. The amino acid l -citrulline is generated as a by-product of NO synthesis. Cyclic 3 ′,5 ′-guanosine monophosphate (cGMP) is the 'second messenger' of NO. Therefore, we used changes in levels of cGMP, l -arginine and citrulline to estimate changes in NO levels. We determined plasma amino acid levels by high-performance liquid chromatography (HPLC) after precolumn derivatization with ortho-phthalaldehyde, as previously described [30] . Plasma levels of cGMP were measured by RIA (Immuno Biological Laboratories, Hamburg, Germany) after extraction of plasma proteins by trichloracetic acid. Intraassay and interassay coefficients of variation were 4.3 and 8.2 %, respectively; sensitivity of the assay is 0.05 pmol/ml.
Cyclic GMP is the second messenger of NO, but also of atrial natriuretic peptide (ANP). To exclude confounding effects of ANP on levels of cGMP, ANP was also measured by RIA (Incstar Corporation, Stillwater, Minn., USA). Sensitivity of this assay is 0.5 pmol/ml. Intraassay and interassay coefficients of variation were 6.5 and 11.8 %, respectively.
Statistical analysis
Results are expressed as mean ± SD. Analysis of variance for repeated measurements was used for comparison of baseline and infusion-related plasma or urine concentrations of the various hormones within each group. Student's two-tailed unpaired t-test was used to compare the effects of insulin vs saline infusion on hormone concentrations in men and women, respectively. The same test was used to compare the effects of insulin infusion between men and women. Statistical significance was accepted at p less than 0.05.
Results
Insulin levels. Insulin levels were measured at 30-min intervals. Mean plasma insulin levels reached during the last 60-min of each step of the three-step clamp were calculated from the last three measurements of each 2 h period. Mean plasma insulin levels reached during the last 60 min of each step of the clamp were: for women 373 ± 129, 880 ± 230 and 5486 ± 660 pmol/l, and for men 344 ± 136, 970 ± 337 and 6280 ± 838 pmol/l, respectively. The differences between men and women were not significant. Thus, the values attained in the first step were in the physiological (postprandial) range, and those reached in the second step in the range were found in severe insulin resistance. Values reached in the third step were supraphysiological.
Endothelin (Figs. 1 a and b) . Baseline plasma concentrations of immunoreactive endothelin were slightly higher in men than in women (2.65 vs 2.45 pmol/l, p = 0.36). Levels of endothelin decreased during insulin infusion in women from 2.58 ± 0.96 to 1.70 ± 0.72 pmol/l (Fig. 1 a) while remaining constant during infusion of saline (2.33 ± 0.92 vs 2.28 ± 0.84 pmol/l, a b Fig. 1 a, b . Endothelin levels in women (a) and men (b) during infusion of insulin (*) and saline (R). Levels of endothelin decreased during insulin infusion in women (p < 0.01) but not in men (p < 0.02 for men vs women) while remaining constant during infusion of saline (p < 0.02 for insulin vs saline). Fig. 1 a) . The decrease vs baseline at t = 120 min (i. e. at high physiological insulin levels) was also significant (p < 0.05). The difference in endothelin levels between women infused with insulin and those infused with saline was significant (p < 0.02). In men, no significant changes in levels of endothelin were observed during infusion of insulin or saline (Fig. 1 b) . The difference between male and female subjects was significant (p < 0.02). (Figs. 2 a and b) . In women, excretion of 6-keto PGF-1a increased from 70 ± 20 pmol/h to 190 ± 36 pmol/h during hyperinsulinaemia (p < 0.01) while remaining constant in control subjects during infusion of saline (Fig. 2 a) . The increase vs baseline at t = 120 min (i. e. at high physiological insulin levels) was also significant (p < 0.01). 6-keto PGF-1a excretion in men did not increase during infusion of insulin or saline. The differences between female subjects and control subjects, and between male and female subjects were significant (p < 0.01 and p < 0.02, respectively).
6-keto PGF-1a
Cyclic GMP (Figs. 3 a and b) . For technical reasons, plasma levels of cyclic GMP could not be measured in two female subjects during infusion of insulin or in two female control subjects. Therefore, data were obtained in only four female subjects during infusion of insulin and in four female control subjects during infusion of saline. Levels of cGMP increased gradually during insulin infusion in all four subjects, from 3.4 ± 1.0 to 4.8 ± 1.2 pmol/ml. The increase from baseline levels was statistically significant (p < 0.01). The increase from baseline at t = 120 min (i. e. at high physiological insulin levels) was also significant (p < 0.02). No such increase was observed during infusion of saline (3.9 ± 1.3 vs 4.1 ± 1.4 pmol/ml). Levels of cGMP did not change in male subjects during infusion of either insulin or saline. The difference between men and women was significant (p < 0.02). (Figs. 4 a and b) . Levels of ANP remained unchanged during infusion of insulin or saline in both male and female subjects.
Atrial natriuretic peptide (ANP)

Levels of
l -arginine (Figs. 5 a and b) and l -citrulline (Fig. 6) . During insulin infusion, overall levels of amino acids declined by 20 % in women, from 2748 ± 658 a b Fig. 2 a, b . Urinary excretion of 6-keto PGF-1a in women (a) and men (b) during infusion of insulin (*) and saline (R). Excretion of 6-keto PGF-1a increased during infusion of insulin in women (p < 0.01), but not in men (p < 0.02 for men vs women). No increase was observed in women during infusion of saline (p < 0.01 for insulin vs saline) a b Fig. 3 a, b . Levels of cyclic GMP in women (a) and men (b) during infusion of insulin (*) and saline (R). Levels of cGMP increased during insulin infusion in women (p < 0.01) but not in men (p < 0.02 for men vs women). No increase was observed in women during infusion of saline (p < 0.02 for insulin vs saline) to 2194 ± 542 m mol/l (p < 0.01), and by 16 % in men, from 2880 ± 754 to 2422 ± 632 m mol/l (p < 0.01). In women, the decrease in levels of l -arginine was larger than the overall decrease in amino acid levels: from 94 ± 36 to 46 ± 18 m mol/l, a decrease of 51 % (p < 0.01; p < 0.05 vs other amino acids), whereas the decrease in l -citrulline levels was below average (12 %, from 26 ± 8 to 23 ± 6 m mol/l; p = 0.12 vs other amino acids). In contrast, the decrease in men was in keeping with the overall decrease: 18 % for l -arginine and 17 % for l -citrulline, respectively. The decrease of l -arginine levels in women was larger than the decrease in men (p < 0.02). Levels of amino acids remained unchanged during infusion of saline (2422 Blood pressure and heart rate. No significant changes in blood pressure were observed in any group during infusion of insulin or saline (Fig. 7 ). An increase in heart rate was observed during infusion of insulin in women (from 71.8 ± 8 to 75.6 ± 12; p < 0.01) and in men (from 72.2 ± 11 to 74.4 ± 14; p < 0.01). The increases from baseline at t = 120 min were significant in both women and men (p < 0.02). No increase was observed during infusion of saline in either group (p values for insulin vs saline: women, p < 0.01; men, p < 0.01). The difference in effect of insulin infusion between men and women was not significant (p = 0.21).
Discussion
We have studied the effects of insulin infusion on levels of vasoactive substances secreted by the endothelium. Our observations strongly suggest that hyperinsulinaemia may influence endothelial mediator production. Further, we found a sex difference in the response of these mediators to insulin infusion; this finding may help explain the observation that the a b Fig. 4 a, b . Levels of ANP in women (a) and men (b) during infusion of insulin (*) and saline (R). Levels of ANP did not change significantly during infusion of insulin or saline in either men or women a b Fig. 5 a, b . Levels of l -arginine and overall levels of amino acids in women (a) and men (b) during infusion of insulin (*) and saline (R). Overall levels of amino acids decreased in both men and women during infusion of insulin. Infusion of saline did not affect levels of amino acids (p < 0.01 for insulin vs saline in both men and women). The decrease in amino acid levels during insulin infusion was similar in women and men (20 vs 16 %; p = NS). Levels of l -arginine also decreased during insulin infusion in both women and men. However, the decrease in women was significantly greater than in men (51 vs 18 %, p < 0.02). In women, the decrease in levels of l -arginine was significantly greater than the overall decrease (51 vs 20 %; p < 0.05). This was not the case in men (18 vs 16 %; p = NS) link between hyperinsulinaemia and cardiovascular disease is less clear in women than in men [9] .
Data regarding the effect of insulin on the vascular endothelium are conflicting. On the one hand, a link between hyperinsulinaemia and hypertension has been clearly established in several clinical surveys [2] [3] [4] [5] . On the other hand, it has been shown that insulin has vasodilating properties in normal subjects [6, 7, [31] [32] [33] [34] [35] , an effect that is at least partly NO-dependent [33] . In in vitro experiments, local hyperinsulinaemia has been shown to accelerate formation of atherosclerosis in the perfused artery [36] . In vitro production of prostacyclin and endothelin by endothelial cells is influenced by insulin [18, 19, [21] [22] [23] [24] ; these findings might be explained either by a direct effect of insulin on the endothelium or by (excessive) glucose uptake by endothelial cells induced by insulin. In this regard, it is noteworthy that specific binding sites for insulin and for insulin-like growth factors 1 and 2 have been demonstrated on endothelial cells, in isolated microvessels, in perfused organs and in intact animals [32] [33] [34] [35] [36] [37] [38] [39] [40] . In vivo, it has been shown that baseline levels of endothelin are higher in obese and/or insulin-resistant patients than in normal subjects [25, 26, 41] . In obese patients endothelin levels increase significantly during infusion of insulin [25, 26] . In contrast, we found that short-term insulin infusion in young women was associated with a decrease in levels of immunoreactive endothelin (Fig. 1 a) . We also observed an increase in urinary excretion of 6-keto PGF1a (Fig. 2 a) indicating an increase in systemic (i. e. vascular) and/or renal prostaglandin production. NO cannot be measured directly. To assess NO production, we therefore measured levels of cyclic GMP, which is the second messenger of NO, levels of l -arginine, a precursor of NO, and levels of l -citrulline, a by-product of NO production. The results (a rise in levels of cGMP coupled with a large decrease in levels of l -arginine and a smallerthan-expected decline in levels of l -citrulline) are consistent with an increase in endothelial production of NO. (Insulin also affected other amino acids to a lesser degree, a finding which we interpret as an anabolic effect of insulin).
To explain these apparently contradictory findings we propose the following hypothesis. Two mechanisms exist through which insulin can influence endothelial mediators in physiological situations. Firstly, insulin can directly stimulate the production of endothelin by endothelial cells. This concept is supported by several clinical observations and in vitro studies [16, [21] [22] [23] [24] [25] [26] . Secondly, insulin can increase the production of NO by the intact vessel wall. This view is supported by data from a study by Steinberg et al. [33] , who demonstrated that insulin's vasodilating properties can be blocked by inhibiting NO-synthase, thereby suppressing production of NO. Kourembanas et al. [42] have shown that NO is one of the regulators of endothelin production, and that an increase in levels of NO induces a decrease in levels of endothelin. Hence, insulin can simultaneously affect endothelin levels in two ways: directly, by increasing endothelin production by endothelial cells; and indirectly, by increasing production of NO and thereby indirectly decreasing production of endothelin. Thus, insulin infusion could either increase or decrease levels of endothelin, depending on which of these mechanisms predominates. We speculate that our finding that endothelin levels in women decrease during infusion of insulin may have been secondary to an insulin-induced increase in levels of NO.
Insulin resistance induced by obesity may alter the response of the endothelium to insulin infusion. This view is corroborated by the observation that endothelin levels decrease in obese patients during a low-calorie diet [25, 41] . There is strong evidence that endothelium-dependent relaxation may be reduced in diabetes and in hyperinsulinaemic states, and a decrease in production of NO may be one of the mechanisms underlying this phenomenon [7, 17, 43, 44] . It has been shown that insulin's vasodilating effects are decreased in two classic insulin-resistant states, i. e. obesity and NIDDM [7] . Consequently, there may be differences in the effects of insulin infusion between normal subjects and subjects with insulin resistance. We speculate that, in physiological situations in healthy young subjects, insulin increases the production of NO, thereby causing a decrease in endothelin levels and inducing vasodilation. When insulin resistance is present, this normal effect of insulin could be (partly) lost; then, the direct stimulatory effect of insulin on endothelin production would predominate, and endothelin levels would rise in response to insulin infusion. Whether these mechanisms play a role in the association between insulin resistance and hypertension requires further study.
Remarkably, we found no effects of short-term hyperinsulinaemia on levels of vascular mediators in men. This difference between the sexes may provide an explanation for the observation that hyperinsulinaemia appears to be a cardiovascular risk factor in men, but not in women [9] . There is evidence from various studies suggesting that there are indeed sexassociated differences in the synthesis of vasoactive substances [45] [46] [47] . It has been shown that the release of NO from aortic rings is greater in female rabbits than in male rabbits, and that oophorectomy in female rabbits reduces the NO levels to those found in male rabbits [45] . Weiner et al. [46] found that oestrogens can induce the enzyme NO synthase and increase the amount of mRNA for this enzyme. In vitro, human endothelial cells taken from the umbilical cords of female infants appear to produce more prostacyclin (measured as 6-keto PGF-1a) than do cells from the umbilical cord of male infants [47] . Administration of anabolic steroids has been shown to reduce the activity of the NO pathway [48, 49] . We have previously reported that plasma levels of endothelin are higher in healthy men than in healthy agematched women [15] . Endothelin levels appear to decrease during pregnancy; administration of testosterone causes endothelin levels to rise, while ethinyloestradiol administration is associated with lower endothelin levels [15] . The results of the present study suggest that there is also a sex-associated difference in the response of the vascular wall to insulin, possibly on the basis of differences in levels of the respective sex steroids.
One earlier study has reported on the effect of insulin infusion on endothelin levels in vivo in normal subjects [26] . In this study by Piatti et al. [26] , a small peak in endothelin levels occurred approximately 10 min after the start of insulin infusion; after this time, endothelin levels decreased toward baseline. We did not observe an increase in endothelin levels in any of our subjects; however, endothelin levels were measured at 30-min intervals, so that an early 'peak' in endothelin levels might not have been detected. Further, it is not clear whether the effects observed by Piatti et al. [26] were present only in men or in both men and women, as the data were not analysed separately for men and women.
In spite of the effects of insulin on endothelial mediators observed in women in our study we did not find changes in blood pressure during infusion of insulin. This may imply that short-term changes in these mediators do not affect vascular resistance, or that blood pressure is an insensitive measure of vasodilatation, or both. It has been shown that short-term intravenous administration of endothelin induces a rise in blood pressure only when endothelin levels are raised four-to tenfold [50] . Accordingly, the changes in levels of endothelin or other vasoactive substances observed in our patients may have been too small to affect systemic vascular resistance and blood pressure in the short term. Alternatively, very small changes in blood pressure may not have been detected by the method used in our study. Another possibility is that effects on blood pressure may have been offset by counterregulatory forces. In support of the latter possibility, we observed a small but significant increase in heart rate in our subjects during insulin infusion.
In conclusion, we examined the effect of shortterm hyperinsulinaemia on the endothelium. Levels of endothelin decreased in women during hyperinsulinaemia, and there was evidence consistent with increased production of NO and prostacyclin. Such changes in endothelial mediator production may partly explain insulin's vasodilatating properties. We speculate that these physiologic effects of insulin on the endothelium may be lost when insulin resistance occurs, and that this may partly explain the previously reported link between hyperinsulinaemia and hypertension. We also found a sex difference in the response of vasoactive mediators to insulin infusion; this finding may help explain why the link between hyperinsulinaemia and cardiovascular disease appears to be clearer in men than in women. Finally, studies that investigate insulin's vascular effects should differentiate between men and women.
